One sentence summary: This study provides new information on characterisation and significance of extracellular substances (EPS) during biofilm development, resulting from sequential inoculation of Azotobacter chrooococcum and a filamentous fungus (Trichoderma viride). Editor: Rolf Kümmerli ABSTRACT Extracellular polymeric substances (EPS) are important structural components of biofilms. In the present study, the EPS in biofilms developed using two agriculturally beneficial organisms-Azotobacter chroococcum (Az) and Trichoderma viride (Tv) were quantified and characterised. Time course experiments were undertaken to optimise the EPS yield of biofilm samples resulting from coculture and staggered inoculation. The EPS produced during biofilm formation was found to differ quantitatively and qualitatively in individual cultures (Az alone, Tv alone), and in treatments differing in the sequence of inoculation of bacterium and fungus (Az + Tv coculture, staggered inoculation of Az followed by Tv i.e. Az -Tv, or Tv followed by Az i.e. Tv -Az). Significant enhancement in terms of growth and biofilm formation, as compared to individual inoculation was recorded, with Tv -Az exhibiting higher values of these attributes. The EPS from biofilms showed significantly higher concentrations of protein, acetyl, and uronic acids, while planktonic EPS recorded higher total carbohydrates. Fourier transform infrared spectroscopy analyses illustrated the significant influence on chemical and structural aspects of EPS (planktonic and biofilm). This represents a first report correlating EPS production, cell aggregation and biofilm formation during bacterial-fungal biofilm development, which can have implications in the colonisation of soil and plants.
INTRODUCTION
Diverse microorganisms produce high molecular weight organic macromolecules commonly referred to as extracellular or exopolysaccharides (EPS), which are often associated with various substances, including metal ions, proteins, DNA, lipids and other humic substances (Flemming and Wingender 2010) . In nature, single-species biofilms are rare and based on the prevailing conditions in the ecological niche, microbes form complex dual and multispecies or mixed-species biofilms. In recent years, there is a rising interest and need to study multispecies biofilms, as they play an essential role in maintaining equilibrium in soil ecosystem (Burmølle et al. 2014) predominantly, on the nature of interactions between fungi and bacteria (Tarkka, Sarniguet and Frey-Klett 2009; Frey-Klett et al. 2011; Scherlach, Graupner and Hertwek 2013) . Compared with single-species biofilm, multispecies biofilms are shown to confer several benefits in terms of stress endurance (biotic and abiotic) to the microbial communities (Davey and O'Toole 2000; Jefferson 2004 ). Biofilm formation is reported to result in the production of new types of polysaccharides having different composition, compared to that of single-species biofilm (Andersson, Dalhammar and Rajarao 2011) . This has an important role in the colonisation of microbial inoculants in soil and plant surfaces (Davies and Whitbread 1989) . Therefore, a better understanding of EPS production and its characteristics can help in understanding the social interactions between microbial partners in biofilms.
The microbial EPS contains neutral carbohydrates (primarily hexose, occasionally pentose) and uronic acids (Czaczyk and Myszka 2007) . Acetate esters, pyruvates, formates and succinates are the common extracellular carbohydrate substituents in the EPS (Czaczyk and Myszka 2007) . The microbial EPS may be bound or capsular and soluble or colloidal EPS (Sheng, Yu and Li 2010) . Most bacteria are shown to produce capsular EPS during the exponential growth phase and loose or slimetype EPS during the stationary growth phase (Decho 1993) . Microorganisms also produce EPS as a mechanism to enhance nutrient availability in their vicinity (Basuvaraj, Fein and Liss 2015) . The type of EPS present on a cell can modify the physiochemical features such as surface charge, hydrophobicity and other polymeric properties, which facilitates cell recognition, cell adhesion and aggregation during biofilm formation (Balsanelli et al. 2014) . Differences and segregation of metabolic and enzyme activities of the EPS were reported, based on their location in the structured biofilm matrix (Lawrence et al. 2016) . Biofilms were shown to differ in their mineral composition as compared to the surrounding ecological niche (Beltran et al. 2016) . Several studies point out the role of EPS in adhesion, aggregation and biofilm formation in microorganisms (Flemming and Wingender 2010; Zhang et al. 2014; Janissen et al. 2015) .
Most of studies or models related to single or multibiofilms were studied under artificial conditions; however, biofilm development and interactions between the microbial partners may vary under natural conditions (Hibbing et al. 2010) . The growth pattern, substrate utility capabilities, gene expression, EPS production potential of the microbial partners modulate the type of interaction (synergism or antagonism) observed in most mixed biofilms (Anderson 2002; Kreft 2004; Reisner et al. 2006) . Further, the biofilm surface properties, density, architecture, aggregation or coaggregation properties may influence nutrient or solute transport within and outside the biofilms, which may alter the mode of interaction (physical, nutritional etc.) with cooperating microbial partner (Characklis, Turakhia and Zelver 1990; de Beer et al. 1994) .
Most of the studies on the interactions between fungi and bacteria during biofilm development (Alsteens et al. 2013; Schmidt et al. 2016 ) focus on the alterations in the metabolism and transcription of genes related to the antifungal and putative antibacterial defence mechanisms (Benoit et al. 2015) . Although researchers characterised EPS from single or dual species biofilms of bacteria and yeast (Peters et al. 2012; Karched, Bhardwaj and Asikainen 2015; Ren et al. 2015; Khezri, Jouzani and Ahmadzadeh 2016) , no systematic research has been carried out to characterise the EPS produced by dual species biofilm involving a bacterium and a filamentous fungus of agricultural importance. Among beneficial microorganisms, Azotobacter (free-living, nitrogen-fixing, heterotrophic bacteria) and Trichoderma (involved in plant growth promotion and a biocontrol agent) are known for their plant growth promoting attributes (Mukherjee and Kenerley 2010; Robson et al. 2015) . Several studies (Prasanna et al. 2011 (Prasanna et al. , 2015a Triveni, Prasanna and Saxena 2012; Triveni et al. 2013 Triveni et al. , 2015 Babu et al. 2015; Bidyarani et al. 2016) on the development and evaluation of agriculturally important biofilms as inoculants in different crops have highlighted their potential. However, the basic aspects of biofilm development, including EPS quantification and characterisation, were not attempted in the earlier studies. The characterisation of EPS (planktonic and biofilm) using Fourier transform infrared spectroscopy (FTIR) technique can help to understand the chemical and structural changes in the microbial population and aggregation during biofilm formation. The hypothesis of the present study is that the EPS produced during bacterial-fungal (Azotobacter chroococcum and Trichoderma viride) biofilm development may vary quantitatively and qualitatively as compared to the monocultures. Information on such changes may provide useful pointers for the successful proliferation as biofilms in diverse niche.
MATERIALS AND METHODS

Microbial strains, growth medium and cultural conditions
The Azotobacter chroococcum strain (MTCC 25045) and Trichoderma viride strain (ITCC 2211) were obtained from the germplasm of the Division of Microbiology, ICAR-Indian Agricultural Research Institute (IARI), New Delhi, and Indian Type Culture Collection (ITCC), Division of Plant Pathology, ICAR-IARI, New Delhi, India, respectively. These organisms served as bacterial and fungal partner in the study. The A. chroococcum strain was grown (shake flask culture) in Jensen's broth and maintained in Jensen's medium at 28 ± 2
• C, while the T. viride was grown as a static culture in Potato Dextrose Broth at 28 ± 2 • C. 
Experimental setup
Auto-and coaggregation assay
For autoaggregation assay, the suspensions (5 mL) of pure cultures of A. chroococcum and T. viride were drawn at different time intervals (4, 8, 12, 16 and 20 days) and centrifuged (REMI Sales and Engg. Pvt. Ltd., India) at 4000 rpm for 1 min followed by absorbance measurement of supernatant at OD 660 nm. The decline in optical density of the supernatant, as compared to the total optical density at the time zero is expressed as autoaggregation rate. The percent autoaggregation was calculated following the formula (Nagaoka et al. 2008 ):
Autoaggregation index = [(time zero value − sample value)/(time zero value)] × 100
Coaggregation assay was performed on the bacterial-fungal treatments (Az + Tv coculture, Az -Tv staggered inoculation and Tv -Az staggered inoculation), following previously published protocol for coaggregation assay with minor modifications (Malik et al. 2003) . Equal volumes (5 mL) of coaggregating partner (A. chroococcum and T. viride) suspensions were drawn from the respective treatments at different time intervals (4, 8, 12 and 16 days) and mixed in 15 mL centrifuge tubes, subsequently centrifuged at 4000 rpm for 1 min followed by absorbance measurement of supernatant at OD 660 nm. The coaggregation index (A.I.) (Buswell et al. 1997) , representing the coaggregation rate (%), was calculated as follows:
where OD660x and OD660y represent the optical density at 660 nm for individual pure cultures (A. chroococcum and T. viride, respectively) and OD660 (x + y) represents the optical density for the mixtures (A. chroococcum and T. viride coculture).
Growth and biofilm formation assay
Biofilm formation was monitored through the Crystal Violet Assay described by O'Toole (2011) using 96-well microtitre plates, in triplicates. The inoculated microtitre plates were incubated at 28 ± 2 • C under static conditions for 20 days. At regular sampling intervals (4, 8, 12, 16 and 20 days) , the absorbance was read at 550 nm using a Microplate Reader (Molecular Devices, USA). For growth measurement (planktonic), the plates incubated under the similar conditions, but without crystal violet treatment was measured at 600 nm using the Microplate Reader.
Microbiological analysis of planktonic and biofilm population
The planktonic and biofilm populations from the treatments were enumerated using standard serial dilution plate count method at an interval of 4 days (4, 8, 12, 16 and 20 days, static condition) . The planktonic population was analysed by separating the cells from the sedimented/floating biofilm cells by using sterile cut pipette tips and a dilution rate 10 8 and 10 10 .
For biofilms, the samples were washed with sterile distilled water three times to remove free and non-adhering cells followed by centrifugation at 2000 rpm for 10 min. Later, the samples were homogenised by vortexing using sterile glass beads (Spinix MC-01 vortex shaker, Tarsons Products Pvt. Ltd., India). The homogenised suspension was used for the enumeration of biofilm population using dilutions of 10 10 and 10 12 . All the plates were incubated at 28 ± 2 • C and the final planktonic and biofilm population was expressed as log 10 CFU mL −1 .
Isolation, purification and quantification of EPS
Planktonic EPS
Upon completing the incubation period (4, 8, 12, 16 and 20 days) , the planktonic EPS was isolated from the supernatant of individual, coculture and staggered treatments by ethanol precipitation method. Briefly, the broth was centrifuged (12 000× g) for 30 min at 4
• C for pelleting the cells and obtaining the supernatants. For EPS extraction, three volumes of cold ethanol was gradually added to the resultant supernatant and incubated at 4
• C for 24 h. The precipitated EPS was collected by centrifugation (REMI Sales and Engg. Pvt. Ltd., India) (15 min, 8000× g, 4 • C), followed by filtration (0.22 μm pore size; Millipore). Finally, the EPS solution was dialysed (Membra-Cel 12-14 kDa MWCO) against deionised water for 24 h at 4
• C and lyophilised for quantitative and qualitative analysis.
Biofilm EPS
The biomass from the previous planktonic EPS extraction was used for the extraction of biofilm EPS. Briefly, the biofilm biomass was sonicated on ice for 30 s at 200 W (UP200S Hielscher Ultrasound Technology, Germany), vortexed with glass beads for 1 min to disrupt the biofilms and filtered (0.22 μm pore size; Millipore). The filtrate was precipitated using cold ethanol and incubated at 4
• C for 24 h. The EPS, thus precipitated, was separated by centrifugation (15 min, 8000× g, 4 • C), followed by dialysis against deionised water for 24 h at 4 • C. The EPS samples were lyophilised and used for further analysis.
Chemical analysis of EPS
The carbohydrate, protein, uronic acid and acetyl content in the planktonic and biofilm EPS were determined photocolorimetrically using a Microplate Reader (Molecular Devices, USA). The total carbohydrate content of the freeze-dried EPS was determined by the phenol-sulphuric acid method (Dubois et al. 1956 ).
The protein was estimated following Lowry method (Lowry et al. 1951) . The uronic acid and acetyl concentrations in the EPS were quantified by the method outlined by Blumenkrantz and AsboeHansen (1973) and Hestrin (1949) , respectively.
Compositional analysis of EPS using attenuated total reflection-FTIR spectroscopy
Infrared spectroscopy of the powdered samples was carried out on a Bruker, ALPHA-E FTIR/ATR system (Bruker Optics GmbH, Ettlingen, Germany), in an attenuated total reflection mode, in the range of 600-4000 cm −1 with a 4 cm −1 resolution and 24 scans per spectrum. 
Statistical analyses
The experimental data were analysed using the statistical program WASP version 2.0 (Web Agri Stat Package, Indian Council of Agricultural Research) in a two factorial design. Two-way analysis of variance (ANOVA) using Factor 1 as inoculation methods and days for biofilm development as Factor 2 was performed, and the details are given in the legends of figures and table. All values were taken in triplicates, and being a laboratory level experimentation, P ≤ 0.01 was used as the threshold for significance.
RESULTS
Growth and biofilm formation
The effects of inoculation methods (individual, coculture and staggered) on growth and biofilm-forming ability of Azotobacter chroococcum (Az) and Trichoderma viride (Tv) were measured using optical density at OD 600 and OD 550 , respectively, at 4 days intervals (4, 8, 12, 16 and 20 days after inoculation). Visual observations revealed that the growth and biofilm formation increased greatly over the cultivation period in coculture and staggered inoculation, as compared to individual inoculation (see Supplementary Fig. 1 , Supporting Information). In Az and Tv individual inoculation, the maximum growth and biofilm formation occurred on 12th day; thereafter, a steep decline in growth was observed ( Fig. 1a and b) . While Az + Tv coculture reached peak value for growth and biofilm on 16th day, the staggered treatment (Az -Tv) showed maximum growth and biofilm formation on 12th day. Among the treatments, the staggered inoculation (Tv -Az) showed significantly higher growth and biofilm formation with progress in incubation time. Though biofilm formation was higher than growth rate in Az, Az + Tv, Az -Tv and Tv -Az treatments, Tv individual inoculation showed an opposite trend with higher growth and decrease in biofilm formation, during the time course experiment.
Planktonic and biofilm population
The population (log 10 CFU mL −1 ) from the different treatments revealed a significant influence of the inoculation methods, days of incubation and their interactions on both planktonic and biofilm population of Az and Tv. The planktonic population of Az in individual as well as coculture and staggered treatments reached highest values on the 12th day (Fig. 2a) ; there was a steady decline thereafter in all the treatments. The biofilm population of Az increased steadily over the time, and the highest values were recorded in Tv -Az treatment followed by Az -Tv (Fig. 2b) . In contrast to Az, higher planktonic population of Tv was noted on 8th day; thereafter, a gradual decline in count was observed (Fig. 2c) . The biofilm of Tv showed a similar population trend as that of Az with progress in time of incubation (Fig. 2d ).
Autoaggregation and coaggregation
In general, the samples from individual inoculation (Az or Tv) showed higher aggregation as compared to coculture or staggered inoculation. In terms of autoaggregation, Tv showed higher aggregation (91%) as compared to Az (87%), which progressed with increase in time and reached maximum at 20th day (Table 1) . The coaggregation between Az and Tv in coculture or staggered inoculation showed a steady increase over time, with maximum coaggregation being recorded in the treatment Tv -Az (63%), followed by Az + Tv (59%) ( Table 1) . Interestingly, the extent of aggregation over the entire period of incubation in staggered inoculation (Tv -Az) and coculture (Az + Tv) showed a steep increase as compared to either Az or Tv individual inoculation, particularly from 12th day onwards. Az reached a maximum 87% on 20th day from 76% on 4th day (with Effective Aggregation Difference, EAD, of 11%), while Tv showed 91% from 70% aggregation on 4th day (EAD of 21%). The staggered inoculation Tv -Az enhanced to 63% from 33% (EAD of 30%), while Az + Tv showed 59% from 36% (EAD of 24%). 
Planktonic and biofilm EPS
Higher amount of EPS was observed from the biofilm samples as compared to planktonic counterpart (see Supplementary Fig. 2 , Supporting Information). The EPS yield of planktonic and biofilm samples progressively increased with the period of incubation, which was considerably lower in the former (Fig. 3a and b) . Both inoculation methods and incubation time had a significant effect on EPS yield (see Supplementary Fig. 3 , Supporting Information). Quantification of the planktonic and biofilm EPS of Az, Tv, Az + Tv, Az -Tv and Tv -Az was done separately and expressed as EPS (mg) per log 10 CFU per mL (biomass). Based on the analysis, the contribution of biomass to the planktonic and biofilm EPS of Az ( Fig. 3c and d) and Tv ( Fig. 3e and f) was higher in Tv -Az treatment. The percent increase in planktonic EPS of Az -Tv and Tv -Az were 6% and 51%, respectively, as compared to Az individual inoculation (Fig. 3c) , while the same treatments recorded an increase of 56% (1.5-fold) and 135% (2.3-fold) for biofilm EPS (Fig. 3d) . In Tv, Az -Tv and Tv -Az recorded an increase of 62% and 137% for planktonic and 234% (3-fold) and 409% (5-fold) for biofilm EPS, respectively ( Fig. 3e and f) . 
EPS compositional analysis
The concentrations of total carbohydrates ( Fig. 4a and b) , protein ( Fig. 4c and d) , acetyl ( Fig. 5a and b) and uronic acids ( Fig. 5c and d) generally increased over the period of cultivation in both planktonic and biofilm EPS of Az and Tv. Though the EPS of biofilms showed significantly higher concentrations of protein, acetyl and uronic acids in all the treatments and intervals, planktonic EPS recorded higher total carbohydrates. Taken together, compared to individual inoculation (Az and Tv), the staggered inoculation (Tv -Az followed by Az -Tv) and coculture (Az + Tv) exhibited a significant increase in the total carbohydrates, protein, acetyl and uronic acid contents in the EPS of both planktonic and biofilm samples.
EPS functional group analysis
The functional group analyses of EPS samples (planktonic and biofilm) using FTIR showed marked differences in their frequency and numbers. Although, at the start, the EPS fractions from different treatments (Az, Tv, Az + Tv, Az -Tv and Tv -Az) and days for biofilm development (4, 8, 12, 16 , and 20 days) appeared similar, closer examination of the individ-
Figure 4. Effect of inoculation methods and incubation time on carbohydrate and protein content in EPS. (a) Planktonic EPS (carbohydrate); (b) biofilm EPS (carbohydrate); (c) planktonic EPS (protein); (d) biofilm EPS (protein); error bars indicate ±SD (n = 3). The treatments (T), days for biofilm development (D) and their interaction (T × D)
were found significant at P< 0.01 for both carbohydrate and protein.
ual peak numbers and frequency revealed distinctness in chemical groups, as the biofilm development progressed (see Supplementary Fig. 4 , Supporting Information). The band assignments were interpreted with the help of previously published vibrations frequencies (cm −1 ) for EPS of bacteria including Azotobacter sp. (Cote and Krull 1988; Kuiper et al. 2004; Omoike and Chorover 2004; Dittrich and Sibler 2005; Das and Mukherjee 2007; Ojeda et al. 2008; Ojeda, Romero-Gonzalez and Banwart 2009; Thavasi et al. 2009 ) and fungi including Trichoderma sp. (Bishnoi, Kumar and Bishnoi 2007; Li et al. 2015) . Available referral IR spectral libraries (Nichols et al. 1985; Kemp 1987; Lambert et al. 1987; Schmitt and Flemming 1998; Coates 2000; Naumann 2001; Brandenburg and Seydel 2002; Maquelin et al. 2002 Maquelin et al. , 2003 Jiang et al. 2004) were also used to assist in the identification of the samples peaks. The polysaccharides and amide (I, I, III) groups showed stronger frequency with more number of peaks in biofilm EPS, as compared to planktonic EPS. Further, the frequency of protein fractions (amides) increased as the biofilm development progressed, when equated to polysaccharides. The detailed report on FTIR spectra of planktonic and biofilm EPS is presented in Table 2 . The presence of IR peaks corresponding to functional groups, such as -COC-, PO4-, -NH2 and -CH2-, in planktonic and biofilm EPS shows the existence of polysaccharides, protein, uronic acid, lipid and nucleic acid in EPS. The broad band in the range of 3500-3200 cm −1 presents in both planktonic and biofilm EPS indicated the presence of O-H and N-H stretch. A peak between 3200 and 2800 cm −1 indicated the occurrence of CH stretching (CH 2 and CH 3 groups) in the EPS. The existence of stretching (C=O) and bending (N-H) of amide (protein) is indicated by band in the range of 1650-1300 cm −1 . Vibrations of C-OH, C-O-C and C-C in polysaccharides were observed in all the samples at the range 1200-900 cm −1 . The band at 900-700 cm −1 was assigned to aromatic C-H bending/symmetrical stretching (nucleic acids). The band at 700-600 cm −1 was assigned to C-C-CHO in aldehydes, C-OH in alcohols and C=O in amides.
DISCUSSION
A biofilm is a multifaceted structure, in which EPS forms the primary matrix material, accounting for almost 50%-90% of the total organic carbon of the biofilms (Sutherland 2001 ) and microbial cells (Vlamakis et al. 2013; Teschler et al. 2015) . EPS provides the structural stability and act as an adhesive, assisting in cell aggregation and subsequent attachment to biotic or abiotic surfaces, thereby safeguarding the cells under adverse conditions (Donlan 2002; Flemming and Wingender 2010; Oliveira et al. 2015) . The EPS, during the course of biofilm development, forms a filamentous matrix that speeds up the cell aggregation and maximises nutrient distribution (Janissen et al. 2015) . Earlier studies on growth and biofilm formation in Azotobacter-Trichoderma (Triveni, Prasanna and Saxena 2012; Triveni et al. 2013) showed that 16 days incubation is essential for optimum biofilm development. However, the interrelationships among growth, aggregation, EPS production, and biofilm formation were not studied. In the present study, it is clear that coculture and staggered inoculation enhanced biofilm formation as compared to individual cultures of Azotobacter and Trichoderma. Among the cocultivation methods, Tv -Az showed maximum biofilm formation followed by Az-Tv. The staggered coculturing led to a steep rise after 16 days illustrating that sequential inoculation is a better method for the development of biofilms; Az and Tv were observed to work together in a synergistic way, during biofilm formation, which is more stable in Tv-Az. This may be attributed to greater attachment of Az to the already well-formed and mature matrix of Trichoderma, compared to Az and Tv individual inoculation that showed a steep decline after 16 days. Higher aggregation (autoaggregation) was seen in Az and Tv inoculation, as compared to coaggregation between Az and Tv in coculture and staggered treatments. Higher aggregation efficiency was recorded in staggered inoculation, as compared to individual inoculation from 4 to 20 days, particularly in Tv-Az. This clearly suggests the progressive and effective attachment of Azotobacter cells on Trichoderma mycelia during biofilm formation. Microbial aggregation is an essential step in biofilm formation, which depends on the interactions between the microorganisms or their partners (Simoes, Simoes and Vieira 2007) . Coaggregation also contributes to enhanced biofilm formation, succession and microbial interactions within the biofilm (Kolenbrander et al. 2010) , facilitating the exchange of chemical signals, interchange of genetic material, stress endurance, cross species protection, cooperation between different species and cell differentiation (Wimpenny and Colasanti 2004) . Azotobacter was able to sustain, stabilise and function better as biofilm under cocultivation, as compared to individual growth even after 20 days under static growth condition. Bacterial surface-associated molecules such as proteins, cell wall or fimbriae and sugars facilitate the aggregation/coaggregation of bacteria, which results in multispecies biofilm formation (Yang et al. 2011) , which are known to confer several benefits to the microbial communities, as compared to single-species biofilms (Davey and O'Toole 2000; Jefferson 2004 ).
Increased EPS production in biofilms illustrates the role of positive interactions in the form of mutual protection and nutrient exchange among the fungal partner and bacteriumAzotobacter and Trichoderma population in coculture and staggered inoculation, as compared to their planktonic counterparts. In dual or mixed biofilms, the synergism or competition/antagonism between the partners arises either due to spatial or temporal constraints or resource availability Burmølle et al. 2006; Hansen et al. 2007; Bennett 2008; Narisawa et al. 2008; Seckbach and Oren 2010) . Mixedspecies biofilms formation was reported as an adaptation strategy of microorganisms in their specific niche (Jahid and Ha 2014) . Enhanced polymer production also helps to provide a strong competitive advantage (Xavier and Foster 2007) .
In many agriculturally important microorganisms, EPS is reported to play an important role in stress endurance, aggregation, biofilm formation and root colonisation (Bogino et al. 2013) . In Azospirillum brasilense, production of EPS (glycogen) and subsequent biofilm formation is known to provide protection against stress in bacteria ( Lerner et al. 2009 ). Agglutinins, which bind Ca 2+ called Rap (Rhizobium-adhering) proteins were hypothesised to be involved in Rhizobium leguminosarum biovar trifoliiplant tissue interactions and colonisation (Ausmees, Jacobsson and Lindberg 2001 ). EPS appears to be an essential factor for nodule formation, through its role in nodule development, root hair development and curling, besides effective colonisation (Leigh and Walker 1994; Skorupska et al. 2006) . EPS production is a vital component for R. leguminosarum attachment onto root hair, infection and subsequent nodulation formation in legumes (Laus, van Brussel and Kijne 2005) . In A. brasilense and Gluconacetobacter diazotrophicus (associative diazotrophs), EPS is reported to regulate the cell aggregation and biofilm formation on the plant root surface (Bianciotto et al. 2001) . Deactivation of rhamnose biosynthesis in A. brasilense decreased EPS production and subsequent maize colonisation (Jofre, Lagares and Mori 2004) . In G. diazotrophicus, knockout of EPS gene (gumD) limited its attachment to rice roots and endophytic colonising ability (Meneses et al. 2011) , and the EPS produced by the G. diazotrophicus strain (Pal5) was reported to protect the bacterium from oxidative stress (Meneses et al. 2017) . The observations from our study provide clues for understanding the role of EPS composition and their possible implications in colonisation processes of the biofilms with different crops and their establishment in soil. Much attention has been focused towards studying interactions between fungi and bacteria during biofilm development (Alsteens et al. 2013; Schmidt et al. 2016) , as these interactions are known to alter their metabolism and transcription of genes related to the antifungal and putative antibacterial defence mechanisms (Benoit et al. 2015) . Multispecies interactions during biofilm formation are reported to result in the production of new types of polysaccharides having different composition, compared to that of single-species biofilm (Andersson, Dalhammar and Rajarao 2011) . Within the biofilm, polysaccharides can form several types of structures through interaction with proteins, lipids, etc. (Sutherland 2001) . Carbohydrates are the key constituent of EPS in pure cultures of microorganisms (Sutherland 1997; Sheng, Yu and Li 2010) . However, studies have pointed out that proteins can also be a significant component of EPS (Dignac et al. 1998; D'Abzac et al. 2010) . Interaction of polysaccharide and protein during adhesion process is well documented (Skillman, Sutherland and Jones 1999) . In our study, the amounts of carbohydrate, protein, uronic acid and acetyl content of planktonic and biofilm EPS were greater in coculture and staggered inoculation, as compared to their individual inoculation. Significant enhancement in carbohydrate content in Tv -Az, over the other treatments, is indicative of beneficial interactions among the partners, although the values of carbohydrate content of biofilm EPS were marginally lower, as compared to planktonic EPS in all the treatments. Significant differences in the protein content, uronic acid and acetyl groups, particularly in Tv -Az biofilm were also recorded. Changes in the carbohydrate, protein, uronic acid, acetyl levels in the EPS of coculture or staggered inoculation may be indicative of positive interactions between Azotobacter chroococcum and Trichoderma viride in coculture or staggered inoculation, as compared to their individual inoculation.
In our study, the biofilm EPS showed higher uronic acid content as compared to planktonic EPS. Uronic acids are carboxylated sugars that greatly influence cell aggregation and adhesion of microorganisms to surfaces (Garg, Jain and Bhosle 2009; Jain and Bhosle 2009 ). Higher uronic acid content in biofilm EPS was correlated with increased cell aggregation and biofilm formation. Higher levels of uronic acids were reported from biofilm samples and decrease in uronic acid content is an indicator of EPS degradation in biofilm (Mojica, Elsey and Cooney 2007) . Attachment of uronic acid to EPS can greatly influence its viscosity and conformational transition (Smith et al. 1981) . Higher acetyl content in the biofilm EPS than planktonic EPS was noted in our study. The polysaccharides structure in EPS is influenced by the presence or absence of acyl substituents, and the acetylated polysaccharides are shown resistant to alginate lyases (Sutherland 1997) . The non-acetylated polysaccharides are generally crystalline in structure (Atkins et al. 1987) . Using an acetylation-defective mutant of Pseudomonas aeruginosa, Tielen et al. (2005) showed the importance of acetyl group in cell aggregation and biofilm maturation. Loss of acetyl group led to thinner and homogeneous biofilm as compared to higher viscous and heterogenous biofilm in wild type. The diverse functional groups existing in the planktonic and biofilm EPS of Az and Tv contribute to a distinct absorbance in the midinfrared region. Based on the polysaccharide and protein intensity analysis, higher carbohydrate to protein ratio in coculture and staggered cultures indicated higher biofilm formation. Such variances in spectra reflect the differences in comparative quantities and localisation of polysaccharides, proteins, fatty acids and other components in planktonic and biofilm EPS.
The present study provides interesting insights regarding EPS formed under planktonic and biofilm mode of growth in A. chroococcum and T. viride. Growth rate, biofilm formation and EPS production were significantly higher in A. chroococcum and T. viride coculture or staggered inoculation, as compared to individual inoculation. Higher quantum of EPS produced by biofilms as compared to planktonic counterpart illustrated the cooperation and positive interactions among the partners.
The sequence of inoculation and days for biofilm development had a significant influence on quantitative and qualitative properties of the EPS produced. Compositional analyses indicated higher levels of protein, uronic acid and acetyl in biofilm EPS, while planktonic EPS showed higher carbohydrate content. FTIR spectra showed stronger intensity of amide groups and polysaccharides in biofilm EPS, as compared to planktonic counterpart. To the best of our knowledge, this is the first report, where a direct association has been shown between EPS production, cell aggregation and biofilm formation during bacterialfungal biofilm development. Based on our results, we propose that the interaction between A. chroococcum and T. viride during biofilm development may be synergistic, because of significant enhancement in growth, biofilm formation and EPS production in the cocultures, as compared to monoculture. This highlights the benefits of using these biofilms, particularly Tv -Az and Az -Tv, which may colonise better as a result of greater EPS and provide benefits of both the cultures through a single inoculant. Future research is proposed to be undertaken on evaluating these biofilms for their colonisation potential in different crops and undertaking gene expression analyses to elucidate the molecular aspects of A. chroococcum and T. viride EPS production and biofilm formation.
